ways that might promote persistence and chronic infection in an environment of ongoing inflammation.
Most animal studies of P. aeruginosa pulmonary infection employ inbred mice, which provide genetic and analytic tools to allow characterization of host immune responses to this pathogen. Acute infection models introduce planktonic P. aeruginosa intranasally or intratracheally, while chronic infection models require inoculation of agar bead-embedded bacteria into the trachea [6] . One challenge in the field is the well-documented heterogeneity of P. aeruginosa strains, as even the commonly used laboratory strains vary in their expression of virulence factors and proinflammatory ligands -and clinical isolates have often undergone significant adaptations during prolonged periods of host colonization, as is observed in chronically infected CF patients [7, 8] . Thus the observed immune responses of an infected mouse can vary between studies based on the specific bacterial strain that is employed, the dose of the inoculum and the time postinfection at which responses are measured [9] , and the strain of mouse [10] . In general, however, lethal challenge of mice with P. aeruginosa results in septic shock and death appears to result from this hyperinflammatory response [11] .
Immune Recognition and Response to P. aeruginosa Infection
Crossing the Barrier: Local Defenses to P. aeruginosa Acute Infection P. aeruginosa pulmonary infection is preceded by the introduction of environmental bacteria into the upper respiratory tract. The resulting colonization establishes a population that can be aspirated, seeding the lower airways for infection. Barriers to infection include an airway mucus embedded with antimicrobial peptides secreted by epithelial and immune cells [reviewed in 12 ] , as well as local immune responses by alveolar macrophages (AM), opsonization by secretory IgA, and antimicrobial activities of surfactant proteins, such as SP-A and SP-D, in the lower airways [13] . Most aspirated bacteria are trapped in mucus, carried upward by the action of airway cilia, and cleared by a robust cough reflex. Conditions that bypass (e.g., endotracheal intubation) or impair (e.g., CF) mucociliary clearance greatly favor P. aeruginosa colonization and infection of the airways.
P. aeruginosa employs several virulence factors to interact with and cross polarized epithelial cell monolayers. These include its single polar flagellum, which facilitates near-surface swimming and attachment, retractile type 4 pili, which power adhesion to and movement across biotic surfaces, and a type 3 secretion system (T3SS), which injects a subset of bacterial "effector" proteins into host cells. Paracellular transmigration of P. aeruginosa across an epithelium, perhaps preferentially at sites of cell division, senescence, or wounding, allows bacteria to spread along the basolateral surface of the monolayer [14, 15] . Subsequent T3SS-mediated intoxication of epithelial cells results in a variety of outcomes, depending on the specific complement of effectors expressed by a P. aeruginosa strain. These can include cell necrosis, mediated by the phospholipase A 2 activity of exoenzyme U (ExoU), and disruption of epithelial integrity and viability, mediated by the GAP (GTPase activating protein) and ADPRT (ADP ribosyltransferase) activities of ExoS and ExoT [16] [17] [18] [19] . The fourth definitive T3SS effector, the nucleotidyl cyclase ExoY, causes a similar disruption of endothelial cell barrier integrity [20] . Mucin contains secreted IgA, as well as antimicrobial peptides (AMP) and defensins whose production is induced by epithelial recognition of P. aeruginosa via multiple Toll-like receptors (TLR). Lipopolysaccharide and other pathogen-associated molecular patterns stimulate TLR2 and TLR4; basolateral TLR5 responds to flagellin; TLR9 mediates recognition of unmethylated CpG in bacterial DNA. Dendritic cells can sample bacterial antigens for subsequent presentation in the lymph nodes. Bacterially mediated damage to epithelial cells results in the release of IL-1α and other alarmins, stimulating host inflammatory responses. Bronchiole: The interferon (IFN) response is differentially expressed between immune cells and epithelial cells. The type I IFN response has been shown to repress IL-1β-dependent recruitment of PMN. The type III IFN response results in increased production of the proinflammatory peptide PDCD4 and has been correlated with increased P. aeruginosa biofilm formation. Alveolus: Inflammasome-mediated recognition of P. aeruginosa. The innate immune response in the lower airways and alveoli (depicted) includes NLRC4 and NLRP3 inflammasome activation in alveolar macrophages, leading to production and secretion of proinflammatory IL-1β and IL-18. In addition to responding directly to bacterial products and actions, epithelial cells also amplify IL-1β signals, resulting in the release of CXC chemokines (IL-6, IL-8, and MIP-2). Recruited neutrophils aid in bacterial clearance via phagocytic killing and NETosis, but they also cause tissue damage and compromised gas-exchange in the lung. The anatomical location of insets depicted in the trachea, bronchiole, and alveolus is diagrammed at the bottom left. Extracellular P. aeruginosa is recognized by multiple mechanisms that will be discussed below. However, bacterially mediated cell injury and death also activate cellintrinsic pathways in immune and nonimmune cells, particularly those involving NF-κB and mitogen-activated protein kinase. For example, attachment of P. aeruginosa pili to the apical surface of epithelial cells leads to a loss of host cell polarity and clustering of NF-κB signaling components, ultimately resulting in broad transcriptional upregulation of the proinflammatory cytokines IL-6, IL-8, and TNF-α [21] . ExoU activity leads to IL-1α release from necrotic cells, generating an inflammasome-independent IL-1 signal that contributes to P. aeruginosa recognition in the infected mouse lung [22] .
Innate Immune Recognition of P. aeruginosa Innate immune receptors can respond to several pathogen-associated molecular patterns present on the P. aeruginosa cell surface. Lipopolysaccharide (LPS) activates Toll-like receptor (TLR) 4, with the strongest responses of human TLR4 reserved for P. aeruginosa LPS in which the lipid A side chains are hyperacylated, as is often observed in isolates from chronically infected CF patients [23, 24] . The contribution of caspase-11, a recently described receptor for LPS and a component of the noncanonical inflammasome, to P. aeruginosa sensing remains to be determined [25] [26] [27] . TLR5 is activated by P. aeruginosa flagellin, with receptor-pathogen-associated molecular pattern interactions occurring once bacteria access the basolateral surface of epithelia where the receptor is expressed. Unmethylated bacterial CpG DNA strongly stimulates TLR9 [28] and likely contributes to sensing of P. aeruginosa bacteria and extracellular-DNA-containing biofilms, as TLR9 -/-mice can resist lethal challenge with P. aeruginosa [29] . P. aeruginosa also releases outer membrane vesicles that activate TLR-dependent responses in epithelial cells via delivered protein and LPS cargo [30] . Outer membrane vesicles intersect the endocytic pathway to deliver peptidoglycan to NOD-1, a member of the Nod-like receptor (NLR) family that interacts with the adaptor RIP-2 to activate NF-κB and mitogen-activated protein kinase signaling in epithelial cells [31] . Even small noncoding sRNA found in outer membrane vesicles may have immunomodulatory properties, as recently described using a cultured airway epithelial cell system [32] . The bacterial nucleoside diphosphate kinase (Ndk) of P. aeruginosa switches phosphate groups between nucleoside diphosphate moieties and was previously found to disrupt ATP levels in macrophages, causing cytotoxicity [33] . Together with flagellin, Ndk has also been found to induce expression of IL-1α, IL-1β, and IL-8 via Akt phosphorylation and therefore amplification of NF-κB signaling [34, 35] .
Sensing "Virulence" via Intracellular Surveillance Mechanisms
The T3SS of P. aeruginosa, which injects bacterial effectors into eukaryotic cells (and may provide a route for substrates of the related flagellar secretion system to access the host cell cytosol [36] ) mediates P. aeruginosa recognition by cytosolic pattern recognition receptors associated with inflammasomes. These multimolecular signaling platforms assemble in macrophages and dendritic cells when bacterial products are bound by pattern recognition receptors, and they result in the cleavage and activation of procaspase-1, which leads to processing and secretion of the proinflammatory cytokines IL-1β and IL-18 and/or pyroptotic cell death [reviewed in [37] [38] [39] . Of the numerous inflammasomes described thus far, the NLRC4 and NLRP3 inflammasomes appear to contribute most significantly to P. aeruginosa pathogenesis. Expression of both pro-IL-1β and NLRP3 is induced upon activation of TLR 2, 3, 4, or 7, essentially priming the cell for subsequent inflammasome activation [40] . Assembly of the NLRC4 inflammasome in murine cells is triggered when intracellular NAIP recognize and bind the T3SS needle (NAIP1) or rod (NAIP2) proteins or intracellular flagellin (NAIP5/NAIP6) [41, 42] . Humans appear to express only one full-length NAIP known to bind a T3SS needle protein (Cpr1) from Chromobacterium violaceum, raising the possibility that the human NLRC4 inflammasome specifically detects T3SS needle proteins of Gramnegative pathogens [43] . Although the adaptor protein ASC is required for murine macrophage activation of the NLRC4 inflammasome, neutrophils can generate IL-1β in an ASC-independent but caspase-1-dependent manner [11] . Thus multiple mechanisms -in various cell types -can contribute to the initiation and propagation of an IL-1β-dependent inflammatory response during infection.
Inflammasome activation is closely tied to mitochondrial damage and dysfunction. In bone marrow-derived macrophages, mitochondrial damage can be observed following infection with T3SS expressing bacteria andinterestingly -appears to lie upstream of NLRC4 activation. Experimental depletion of mitochondria, or autophagy of damaged mitochondria, significantly attenuates inflammasome activation [44] . Mitochondrial dysfunction can also promote assembly of the NLRP3 inflammasome, which is canonically activated by pore-forming toxins, ATP, and crystalline substances such as uric acid [37] . Mutation of the CFTR in airway epithelial cells appears to perturb mitochondrial calcium signaling following P. aeruginosa infection -specifically in response to TLR5 activation by flagellin -and promotes hyperactivation of both NLRP3 and NLRC4 pathways in this model system [45] .
The relative contribution of these two inflammasomes to P. aeruginosa infection remains an active area of investigation, with Iannitti et al. [46] recently suggesting that the activation of NLRP3 versus NLRC4 leads to disparate outcomes in P. aeruginosa -infected mice. Nlrc4 -/-mice infected with an uncharacterized clinical P. aeruginosa isolate were unable to control bacterial growth and succumbed to pulmonary infection, while Nlrp3 -/-mice showed no defect in bacterial clearance. The authors suggest that NLRC4-dependent production of the IL-1R antagonist IL-1Ra may inhibit overexuberant and pathogenic inflammation due to NLRP3. As NLRC4 activation is defective in Cftr -/-mice, the authors support their model by demonstrating that anakinra (recombinant IL1Ra) can protect Cftr -/-animals from P. aeruginosa infection. The clinical implications of these findings are still unclear but suggest that disparate data in the literature as to whether inflammasome activation is beneficial or detrimental to a P. aeruginosa -infected host may reflect different pathways and degrees of NLRP3 versus NLRC4 activation by phenotypically distinct bacterial strains.
Mixed Messages: Interferon Signals during P. aeruginosa Infection
One important consequence of intra-and extracellular pattern recognition receptor activation is the production of CXC and CC chemokines that recruit immune cells to the site of infection and appropriately activate them, as will be discussed below. P. aeruginosa extracellular infection also prompts an interferon (IFN) response that likely plays significant roles in both proinflammatory and anti-inflammatory pathways. LPS interactions with TLR4 activate both MyD88-and TRIF-dependent pathways, with the latter leading to a type I IFN response marked by the production of IFN-β [47] . Type I IFN signaling via the transcription factor STAT1 can repress NLRP3 inflammasome production of the proinflammatory cytokine IL-1β [48] . Pretreatment of primary murine AM with type I IFN or stimulation of type I IFN signaling in WT mice resulted in significantly decreased IL-1β and IL-18 production in the context of P. aeruginosa infection, with improvement in bacterial clearance and reduced tissue damage in the murine acute pneumonia model [49] . In contrast, the type III IFN response of epithelial cells, which appears to be elicited by the same TLR ligands as a type I IFN response [50] , leads to IFN-λ production, which may enhance inflammation to the detriment of the host. IFN-λ signaling through the IFN-λ receptor (composed of IL-28Rα and IL-10Rβ) and IFN-β signaling through the IFNα/β receptor have been shown to stimulate P. aeruginosa biofilm growth on airway epithelial cells [51] . IFN-λ signals via STAT3 to inhibit microRNA miR-21 production, resulting in sustained expression of PDCD4, a positive regulator of proinflammatory pathways during infection. Disruption of the IFN-λ receptor in IL-28R knockout mice has been associated with improved survival and bacterial clearance, as well as increased production of the anti-inflammatory cytokine IL-10 [52] . These epithelial IFN responses are also elicited by viruses [53] and may contribute to the increased susceptibility of the respiratory tract to infection by P. aeruginosa and other bacterial opportunists after viral infection [51, 54] .
It seems clear that inflammation is necessary for bacterial clearance, and yet exuberant inflammatory responses are associated with impaired bacterial clearance and increased host morbidity. Elevated levels of proinflammatory cytokines are correlated with immune-mediated destruction of lung parenchyma in diseases such as COPD [55] . Fibrosis is a frequent consequence of the body's attempt to resolve the vicious cycle of inflammation and airway epithelial injury, and it often results in the replacement of gas-exchanging lung with scar tissue. This can lead to life-threatening complications of infection such as bronchiolitis obliterans syndrome (BOS), in which inflammatory responses cause obstruction of narrow airways. Fibroblast activation can be driven by products of P. aeruginosa -injured epithelial cells such as IL-1α and may underlie the development of BOS in lung transplant patients infected with P. aeruginosa. These individuals show increased levels of IL-1α, elevated IL-8 levels, and higher neutrophil percentages in bronchoalveolar lavage fluid collected shortly before the diagnosis of BOS, as compared to posttransplant patients without BOS, and inflammation is temporally correlated with P. aeruginosa growth in bronchoalveolar lavage [56] .
IL-17 signaling may also promote ongoing inflammation and tissue damage during P. aeruginosa infection. Although the beneficial versus detrimental role of IL-17 signaling (e.g., in IL-17 -/-or IL-17R -/-mice) in acute P. aeruginosa infection is still debated [57, 58] , the absence of IL-17 signaling has been linked to an increased incidence of chronic P. aeruginosa infection, an increased bacterial burden, and decreased survival in recent studies [59, 60] . Lore et al. [59] noted, however, that chronically infected IL-17a -/-mice showed less pulmonary inflammation and tissue damage than wild-type counterparts, consistent with IL-17-mediated increases in matrix metalloproteinase secretion and tissue remodeling [61] . By administering anti-IL-17a mAb to chronically infected wild-type mice, they were able to inhibit neutrophil infiltration and decrease levels of biomarkers associated with tissue remodeling and damage (pro-MMP-9 and TGF-β) [59] . These examples illustrate the complexity of inflammatory signaling during P. aeruginosa infection, with cytokines having different effects depending on the target cell or phase of infection being examined.
Inflammation: Balancing Bacterial Clearance with Collateral Damage to the Host
The complement system is required for murine survival following P. aeruginosa lung infection [62, 63] . The antimicrobial activity of these serum proteins is enhanced in the acidic and hypocalcemic conditions characteristic of infected and inflamed tissue [64] . The P. aeruginosa outer membrane porin OprF serves as a binding acceptor molecule for C3b to initiate formation of the membrane attack complex (MAC) [65] , but another bacterial protein, dihydrolipoamide dehydrogenase (Lpd), can inhibit MAC deposition and limit complement damage [66] . Of interest, P. aeruginosa can stimulate neutrophils to undergo neutrophil extracellular trap (NET) formation with activation and deposition of the C5b-9 MAC on NET, potentially contributing to local host cell damage and death [67] .
The primary cellular responders during acute P. aeruginosa infection are tissue-resident AM and recruited neutrophils and natural killer cells. AM surveil the lung, contributing to both pathogen recognition/immune signaling and antigen presentation. Natural killer cells, together with AM and dendritic cells, may be required for maximal IFN-γ production [68] . Inflammasome activation and subsequent generation of IL-1β are sensed by IL-1R-expressing airway epithelial cells, which respond by producing chemokines, such as IL-8, that rapidly recruit neutrophils to the airways [69] and upregulate their antimicrobial ROS activity via the CXCR2 and CXCR1 receptors, respectively [70] . A functional CXCR1 "deficiency" appears to occur in patients with CF and other chronic lung diseases, such as COPD and bronchiectasis, due to excess serine protease activity in the inflamed airways. This deficiency may contribute significantly to impaired bacterial killing in this setting, as treatment of CF patients with inhaled α 1 -antitrypsin reduces the P. aeruginosa burden in sputum [71] .
Although neutrophil recruitment is required for P. aeruginosa phagocytosis and clearance [reviewed in 3 ], this bacterium can evade neutrophilic killing through numerous mechanisms. Bacterial absorption of host-derived sialoglycoproteins (Sias) allows P. aeruginosa to inhibit neutrophil effector functions, including degranulation, ROS production, and NET formation, via Sias-siglec-9 interactions [72] . The T3SS effector ExoU rapidly kills recruited neutrophils, essentially resulting in localized immunosuppression [73] , while ExoS and ExoT inhibit actin-dependent migration and phagocytosis and lead to neutrophil apoptosis [74] . Even fully functional neutrophils, however, are frustrated in their ability to phagocytize and kill P. aeruginosa within biofilms [75] . This incapacity may have further consequences; experimentally impairing neutrophilic elimination of P. aeruginosa via knockout of the Nox2 NADPH oxidase resulted in flagellin-mediated neutrophil pyroptosis that was dependent on NLRC4 and TLR5 activity [76] .
While a neutrophilic inflammatory response is necessary for P. aeruginosa clearance, a hyperinflammatory and nonresolving response associated with poor host outcomes is often observed in vivo. Outcomes in a murine model of acute P. aeruginosa pneumonia improved after inhibition of flagellin-dependent NLRC4 inflammasome signaling in AM, likely due to a decrease in IL-1β production [49] . The resistance of P. aeruginosa to killing undoubtedly contributes to ongoing inflammation and neutrophil recruitment, while activation of particular host pathways, as detailed above, may lead to overexuberant but ineffective innate effector mechanisms. Bacterially secreted degradative enzymes and toxins combine with host-derived inflammatory mediators to disrupt tight junctions in mucosal and alveolar epithelia, leading to edema, a reduced gas exchange, and impaired lung function [77] .
Resolution of an acute inflammatory response requires dampening of proinflammatory pathways and catabolism of proinflammatory mediators. Apoptotic neutrophils are cleared by newly arrived macrophages and monocytes, which also promote the generation of regulatory T cells (Tregs) [reviewed in 78 ] . These Tregs inhibit proinflammatory cytokine secretion, kill cytotoxic cells, and secrete anti-inflammatory cytokines. Meanwhile, antigen-presenting dendritic cells traffic to local lymph nodes and initiate adaptive immune responses to pathogens [79] . Recent work suggests that this process is also disrupted when P. aeruginosa cannot be cleared from the airways, and persistent neutrophilic inflammation is accompanied by increased effector T-cell responses (marked IFN-γ, IL-6, IL-1β, and IL-17) and decreased IL-10 and Tregs [80] . It is in such an environment that P. aeruginosa establishes chronic colonization.
Survival of the Fittest: Adapted to Thrive in the Inflamed Lung
A pathognomonic feature of P. aeruginosa is its ability to transition from acute infection to chronic colonization in certain hosts, including patients with CF or COPD or individuals who are chronically intubated. Bacterial and host factors that lead to failed clearance of the infected airway are likely important for this transition, though this is difficult to test directly in murine pneumonia models, where the acute-to-chronic transition is not observed. In the following section we review what has been learned about this transition from infecting mice with agar-encapsulated P. aeruginosa, from characterizing new nonmurine models of CF (such as the pig and ferret [81] ), and from increasingly sophisticated analyses of patients chronically infected with this organism.
P. aeruginosa Behaviors that Confer Fitness in the Setting of Inflammation
Inflammation is a feature of the CF airway observed in many children long before a bacterial or fungal pathogen can be isolated from their airways [82] . Many factors likely contribute to this hyperinflammatory environment. The desiccated, thick mucus that results from a reduced or absent CFTR function impairs mechanical clearance of any aspirated bacteria, leading to a bacterial presence in normally sterile lungs [83] . This proinflammatory stimulus is coupled with exaggerated and dysregulated responses of Cftr -/-epithelial and immune cells to microbial ligands and to host-derived inflammatory mediators [reviewed in 84 ] , creating an inflamed environment to which P. aeruginosa is relatively well adapted. Such adaptations, described below, also appear to favor fitness of enteric pathogens in the inflamed intestine [reviewed in 85 ] .
In states of chronic inflammation, the host sequesters free iron, a critical nutrient for bacterial metabolism. P. aeruginosa expresses numerous siderophores for scavenging adequate iron, which is required for nucleic acid biosynthesis and electron transport, among other critical biochemical pathways. During chronic infection, P. aeruginosa undergoes a positive selection for mutants with an increased ability to scavenge iron, including increased transcription of the FpvA pyoverdine siderophore protein and phu heme utilization system [86] . Sputum samples of CF patients have relatively high iron levels compared to those of healthy controls [87] , and therefore their lungs may provide a more permissive environment for biofilm formation; high iron levels have been found to inhibit repressors of Psl synthesis, a polysaccharide component of biofilms. Psl in turn binds iron for storage and may sequester it for biofilm community use [88] . Changes in iron availability may also underlie the increased susceptibility to P. aeruginosa after viral infection; respiratory syncytial virus increases the iron availability in murine airway epithelial cells due to the apical release of transferrin, promoting the transition of P. aeruginosa to growth in biofilms [51] .
P. aeruginosa likely experiences hypoxia and near anoxia during pulmonary infection. The bacterial biofilms characteristic of chronically infected airways significantly limit the transfer rate of oxygen from gas to liquid phase, which minimizes the bacterial exposure to host oxidative stress but also places them in micro-or anaerobic conditions [89] . Recruited neutrophils consume and further deplete the available oxygen [90] , to which the "obligate aerobe" P. aeruginosa responds by upregulating pathways that allow it to respire using nitrate as a terminal electron acceptor, i.e., by denitrification [91] [92] [93] . This strategy may share features with that employed by pathogenic Enterobacteriaceae, which can use by-products of the host inflammatory response as terminal electron acceptors to outcompete obligate aerobes in the inflamed gut [85] .
P. aeruginosa can survive in the relatively anoxic, ironlimited environment of the chronically infected airway, but its growth rate appears to be decreased in this setting [90] . Since a majority of antibiotic classes target pathways upregulated primarily in actively dividing bacteria, some authors speculate that decreased or absent bacterial growth may contribute to increased antimicrobial resistance. The high levels of antibiotic resistance of biofilmgrown bacteria, which appear to dominate in chronically infected airways, are well documented. Additionally, the chronically infected CF airway selects for P. aeruginosa mutants with lipid A species modified via hyperacylation or the addition of aminoarabinose, which confer increased resistance to host antimicrobial peptides [94, 95] . Interestingly, the hexa-and hepta-acylated forms of lipid A are much stronger activators of human TLR4 than the penta-acylated form characteristic of non-CF patient isolates, again supporting the notion that P. aeruginosa has a survival advantage in the inflamed lung, and selection occurs for adaptations that promote this type of environment. In a similar vein, lasR quorum-sensing mu-tants -which frequently arise in chronically infected CF patients -are also associated with greater neutrophilic inflammation and immunopathology in both murine models and human patients colonized with these variants [96] .
Recent genomic studies have provided an increasingly sophisticated view of P. aeruginosa adaptation in the chronically infected airway [reviewed in 97 ]. The dissection of explanted CF lungs from patients undergoing lung transplantation, and the subsequent phenotypic, proteomic, and whole-genome sequencing studies of isolates collected from spatially distinct regions of the same lung, revealed numerous subpopulations that were mostly derived from a single lineage but that had undergone independent evolution with very limited intermixing. These regional isolates showed a marked heterogeneity of genotype and phenotype with regard to nutritional requirements, stress resistance, antimicrobial resistance, and virulence [98] . As a consequence, a given individual was infected by a diverse array of bacterial variants with a high adaptability to changing conditions within the host. Although previous sequencing studies have demonstrated selection for many of these genetic mutations in chronic CF isolates [99] , this paper makes the somewhat unexpected point that P. aeruginosa heterogeneity within a chronically infected individual may underlie this pathogen's uncanny persistence. The intrinsic and acquired antibiotic resistance exhibited by P. aeruginosa isolates, particularly those from chronically infected individuals, has left many patients with few options for antibiotic therapy. As P. aeruginosa pathogenesis appears to be driven in no small part by immune-mediated pulmonary damage, it is worth considering whether approaches that might temper or modulate inflammation could be used to treat P. aeruginosa infections. Indeed, the benefit of azithromycin has been attributed to its anti-inflammatory effects, namely the reduction of cellular infiltration and inhibition of cytokine release (TNF-α and macrophage inflammatory protein-2), as observed in a CF mouse model [100] .
First, some cautionary data drive home the point that the immune response does contribute to bacterial clearance. A clinical trial of the leukotriene B4 (LTB 4 )-receptor antagonist BIIL 284 BS in CF patients was prematurely terminated after an interim analysis revealed a significant increase in pulmonary related serious adverse events in adults treated with the compound as compared to placebo-treated controls [101] . In follow-up studies, the compound was administered to mice prior to infection with agar bead-embedded P. aeruginosa . Inhibition of LTB 4 signaling inhibited neutrophil recruitment to the lungs, resulted in increased bacterial loads in the lung, and was associated with bacteremia/sepsis [102] .
Other immune modulators have shown some benefit in P. aeruginosa infection models, as alluded to earlier. Anakinra (rIL-1Ra) treatment appears to benefit P. aeruginosa -infected Cftr -/-mice, presumably by compensating for the lack of NLRC4-dependent IL-1Ra and thereby suppressing inappropriate activation of the NLRP3 inflammasome [46] . Recombinant human interleukin-7 (rhIL-7) improved survival in mouse models of sepsis by increasing the number of immune effector cells and innate lymphoid cells in the lung, as well as the production of IL-17, IFN-γ, and TNF-α [103] . Inhaled α 1 -antitrypsin appeared to benefit individuals with CF and high free elastase levels in bronchoalveolar lavage fluid, leading to increased CXCR1 surface expression on neutrophils and improved P. aeruginosa killing [71] . Other immunomodulators -miglustat and Genz-529648, both β-glucosidase 2 inhibitors that alter the sphingolipid metabolismshow anti-inflammatory effects in epithelial cell models of P. aeruginosa infection but have not been tested more extensively [104, 105] . Antibody therapies are also being actively pursued, although whether pro-or anti-inflammatory properties are desired has yet to be determined. The use of the TLR4 agonist antibody UT12 promoted bacterial clearance, neutrophilic recruitment, and macrophage inflammatory protein 2 (MIP-2) production in the lungs [106] . Conversely, blockade of IL-17A with a monoclonal antibody resulted in decreased neutrophilic infiltration and possible increased host tolerance of infection, as evidence by lower levels of the tissue damage markers pro-MMP-9 and TGF-β 1 [59] .
Bone-marrow-derived mesenchymal stem cells may have beneficial immunomodulatory activity in the setting of acute pneumonia. Administration of these cells can inhibit cytotoxic NK and effector T cells, promote Treg differentiation, and suppress proinflammatory cytokine production. Isolated multipotent murine mesenchymal stem cells were used to treat a mouse model of pulmonary infection with Klebsiella pneumoniae, resulting in a reduction of proinflammatory cytokines, dendritic cells, and CD4+ T cells in addition to improved survival with no increase in the bacterial load [107] . This therapy may be applicable to other Gram-negative lung pathogens, such as P. aeruginosa. Multi-drug-resistant strains of P. aeruginosa will continue to present a persistent and critical danger to CF and immunocompromised patients, particularly in intensive care settings. The clinical goal of preventing death due to septic shock or inhibition of alveolar gas exchange in the context of P. aeruginosa-induced pneumonia will necessitate addressing the hyperinflammatory response. Success in this endeavor will require continued research of the interaction between P. aeruginosa and host tissues in pulmonary infection models and the development of immunomodulatory therapies.
